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Abstract: Hyperspectral imaging (HSI) has become a
sophisticated technique in modern applications such as
food analyses, recycling technology, medicine, pharmacy
and forensic science. It allows one to analyse both spatial and spectral information from an object. But hyperspectral cameras are still expensive due to their extended
wavelength range. The development of new light-emitting
diodes (LED) in the recent past enables another approach
to HSI using a monochrome camera in combination with
a LED-based illumination. However, such a system has a
lower spectral resolution. Additionally, the growing supply of LED on the market complicates the selection of LED.
In this paper, we propose a new time efficient selection
method for the design process of an illumination. It chooses
an optimised LED combination from an existing database to
match a predefined spectral power distribution. Therefore,
an algorithm is used to evaluate various LED combinations.
Furthermore, the method considers the spectral behaviour
of each LED in dependence of forward current and temperature of the solder point. Our method has already shown
promise during the selection process for even spectral distributions which is demonstrated in the study. Additionally,
we will show its potential for HSI illuminations.
Keywords: design process; illumination; light-emitting
diodes; multiplexed; multispectral.

Introduction
Hyperspectral imaging (HSI) recovers spatial and spectral data from an object of interest. Utilising not just the
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visible range but also the ultraviolet and infrared spectrum allows a more detailed analysis of the object’s condition. Therefore, HSI has found its way into many modern
applications such as medicine [1] and pharmacy [2], but
also into food analyses [3], recycling technology [4] and
forensic science [5].
In medical applications, HSI is mainly used for optical
diagnostics on tissue and image-guided surgery [1]. HSI
systems can be used to improve diagnostics by visualising tissue characteristics hidden for the human eye. This
is shown in several publications and covers the area of
cancer research [6–9], the detection of retina diseases [10–
13], the observation of melanin and haemoglobin concentration in human skin [14, 15] and the detection of parasitic
infestation [16]. Furthermore, first studies show, that a HSI
system can also provide assistance during surgery [17, 18].
Different techniques to obtain a hyperspectral
image have been developed in the past years using traditional optical filters or tuneable filters in front of a
digital camera [19], multispectral filter arrays extending
the three-channel Bayer pattern [20] or a multiplexed
light-emitting diodes (LED) illumination with different
types of LEDs in combination with a monochrome or traditional RGB camera [21].
Especially the last technique has shown much potential in recent years. The requirements on LED based illuminations are presented later in this paper.
LEDs offer several advantages such as low energy
consumption, small size, cost effectiveness and fast
switching capability in regard to conventional illuminations. Furthermore, the continued improvements of LED
have led to a large supply of components over a wide spectral range in the recent years. It is now not only possible
to build a multiplexed LED illumination, but to replace
the traditional incandescent lamps with LED-based illuminations for cameras with tuneable filters or multispectral filter arrays. However, one disadvantage of LEDs is
the dependency of their spectral behaviour from forward
current and temperature of their solder point [22]. Thus, a
LED illumination must stabilise both parameters during
the imaging process to avoid drift in peak wavelength of
the single LED spectra. So it is of high importance to choose
the correct LED components for an efficient illumination.
The selection for a multiplexed LED illumination
may seem rather simple: achieve a more or less uniform
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distribution over the spectral range to obtain as much
different spectral information as possible. However, the
design of a replacement for an incandescent lamp or
another special spectral power distribution is not that
trivial. The possible combinations of LEDs and their different forward currents cannot be humanly surveyed in
a reasonable design period. An algorithm is needed that
selects an optimised combination of LED in regard to
their characteristics to match a given spectral power distribution. The algorithm could also improve the selection
process for multiplexed LED illuminations. The variation
of the peak wavelength using different forward currents
could reduce the number of needed LEDs to cover the
same spectral range.
In this paper, we propose such a selection method
based on an evolutionary algorithm to evaluate various
LED combinations. Our method allows a time efficient
selection of LED components from an existing database.
The algorithm uses an accurate interpolation model to
simulate the spectral behaviour of each LED in dependence of current and temperature. The resulting spectral
behaviour of the illumination can be predicted with this
model, as well. The algorithm uses this prediction in order
to determine the suitability of a LED combination in regard
to the predefined target distribution. The number of used
colour channels can be set by the designer allowing him
to find a trade-off between goodness-of-fit and the control
effort for an additional LED channel.
The basic requirements for the algorithm are presented in the next section. Its methodology is explained
in detail afterwards. The algorithm is used to select LEDs
for three exemplary target distributions. A discussion of
the results and the algorithm’s actual limitations follows.
Finally, we give a prospect of possible improvements on
the algorithm’s methodology to increase the quality of the
found solutions and to decrease its runtime.

Requirements
Figure 1 illustrates a multispectral imaging system with
LED-based illumination. The computer needed to control
both camera and illumination and to evaluate the captured hyperspectral image is not shown. The illustrations
show the illumination part in detail.
It can be divided into a control part, the different
colour channels including the LEDs, an optic to mix the
light of the single LEDs and a light output to illuminate
the object. Each LED channel can be operated individually. This allows either a multiplexed illumination where
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Figure 1: Hyperspectral imaging system with LED illumination.

the LEDs are switched on and off in sequence to capture
a hyperspectral image with a monochrome camera or the
LEDs can be operated in combination with different currents to simulate special spectral power distributions.
There are two different requirements for a LED-based
illumination depending on the medical application. If the
illumination is needed to extract the spectral information from infected and non-infected tissue, than it will
have to cover a broad spectrum with an equally distributed power distribution. In most cases, this requires a
spectrum form 400 to 1000 nm [1–21]. If the wavelength
to distinguish between infected and non-infected tissue is
already known, the illumination can concentrate on this
wavelength area utilising the full potential of LEDs.
In this paper, we concentrate on the selection of the
different LEDs to match one predefined spectral power
distribution.
Our selection method needs three basic requirements
to be defined by the designer in regard to the illumination’s application:
–– the target spectral power distribution t(λ),
–– the number of colour channels n and
–– a database with LEDs and LED models to choose from.
We chose to demonstrate our selection method with three
exemplary spectral power distributions shown in Figure 2.
They illustrate that the shape of the target distribution
is not restricted as long as it does not contain negative
intensities.
The goal for the selection process is to choose the
combination of n LEDs from a database which matches
the target distributions best. As mentioned in the introduction, the designer will have to decide whether an
additional colour channel is worth the effort. Later in this
paper we will use four, six and eight colour channels to
show the potential of our proposed method.
The database is a more complex matter. We have
sampled various LEDs from the market for the past years.
Their spectral behaviour in dependence of forward current
and temperature of the solder point has been characterised in our experimental setup. Both parameters have
been controlled and stabilised during the measurement.
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Figure 2: Different target distributions to demonstrate the algorithms potential.
(A) Equal energy spectrum within the visual range, faded out at the borders, (B) synthetic triangular spectrum, (C) synthetic narrow band
spectrum.

The spectral information obtained by the characterisation
is used for an interpolation model. It uses cubic splines
and Coons’ patches [23, 24] to interpolate the spectral
behaviour. This model allows an accurate prediction of
the spectral power distributions of a LED or a combination of several LEDs within the measurement limits. There
are now more than 200 different LEDs in our database for
the selection method to choose from.

Create initial parent
population

Determine fitness of
parents

Create children from
two fit parents

The selection method
With the target distribution t(λ) defined and the LED characteristics stored in a database, we use a metaheuristic
approach to select the LEDs for the illumination. The
methodology of the heuristic is shown in Figure 3. It is
based on an evolutionary algorithm described in [25]. A set
of solutions is created as parent generation. Each solution
represents a combination of n different LEDs randomly
chosen from the database. However, the first tests showed
that the number of possible combinations is too high to be
searched in a reasonable design period. Furthermore, the
designer cannot use his knowledge to improve the search
behaviour. For example, the distribution in Figure 2B
could be matched by using one blue and one red LED in
two different channels. This knowledge of the designer
can be used to limit the search area and to avoid undesired
solutions with, for example, only blue LEDs.
A constraint for each channel can model this knowledge: colour groups. The LEDs in the database have been
categorised into seven colour groups: blue (bl), green
(gn), amber (am) red (rd), warm-white (ww), neutralwhite (nw) and cool-white (cw). A further expansion of
these groups is easily possible to cover the ultraviolet and
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[[LEDx1, colours1],
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[[LEDx1, colours1],
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Figure 3: Methodology of the proposed selection method with a
two channel illumination example.

infrared range of the spectrum. The designer can use these
colour groups to limit the search area for each channel
individually. One can explicitly force the algorithm to use,
for example, only blue LEDs in one channel and red or
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amber LEDs in another one. Each channel can have more
than one colour group. The algorithm ensures that no LED
is used twice in a combination.
We now have a set of combinations of different LEDs
as the current parent generation. Each solution contains
the information about the n colour channels: the actual
selected LED from the database and the colour groups for
the algorithm to choose a new LED from for each colour
channel. These n data tuples represent the genetic information used in evolutionary algorithms to search for new
solutions.
The next step of the algorithm is to evaluate the fitness
of the current parent generation using the method of least
square errors. It is explained in detail after this section.
An evolutionary algorithm has two basic operations to improve the fitness of a solution: crossover and
mutation. The crossover operation uses parents from the
current generation and their genetic information to create
a new solution (an offspring/a child). In our algorithm, an
offspring is created by using two parents with high fitness.
The algorithm constructs an offspring with n colour channels. The data tuple for each channel is chosen randomly
from either the two parents. The crossover operation
ensures that the new solution differs at least in one colour
channel in regard to its parents. The mutation operation
changes a part of the genetic information in a parent to
create a new solution. It can also be used on an offspring.
In our algorithm, the mutation operation chooses a new
LED from the database for one colour channel of the LED
combination. The predefined colour groups of the channel
are respected by the mutation operator. It also ensures
that no LED is used twice in a combination. Our algorithm
uses the mutation operation on both groups: parents and
children to increase the genetic diversity of the population. So, more different LED combinations are searched.
The fitness of the children is determined next. Afterwards, the fittest individuals are used to form the next
parent generation. This procedure is repeated for some
generations.

The fitness function
The target distribution has to be matched by using different forward currents Ii at solder point temperatures Ti for
each LED. The combined distribution s(λ) of a LED mix
spectrum can be written as sum of the single LED distributions si(λ, Ii, Ti):
n

s( λ) = ∑ si ( λ, Ii , Ti )
i =1

(1)

A variation of the solder point temperature has proven
to be impractical because of the extended effort to control
each LED channel individually. The solder point temperature is defined as equal and constant for all LED with Tc.
The designer should choose a temperature Tc which can
be reached in the target application with an appropriate
thermal design.
The method of least square error can be used to determine the forward currents where the target distribution
t(λ) is matched best using the modelled LED characteristics from the database:
2

n


E = ∫  t ( λ) − ∑ si ( λ, Ii , Tc ) dλ → min


i =1

(2)

The sum of the errors E is used to determine the goodness of the solution.
However, the model uses cubic splines to interpolate the nonlinear spectral behaviour in dependence of
forward current and temperature. Because of this nonlinear model the minimisation problem cannot be solved
analytically [24].
In order to calculate the problem nevertheless, the following approach has proven to work. We use the spectral
correction method proposed by Henker et al. to simplify
the problem [26, 27]. Therefore, we write the combined
distribution as a linear combination of the LED spectra
using the forward current Ij for each channel:
n

s( λ) = ∑ ci ⋅ si ( λ, I j ,Tc )
i =1

(3)

For reasons of computation time the same forward
current Ij (please note index j) is assumed for all LED. This
is permissible because solutions with very different operating currents are unfavourable. With (2) and (3) follows:
2

n


E = ∫  t ( λ) − ∑ ci ⋅ si ( λ, I j ,Tc ) dλ → min 


i =1

(4)

With Ij and Tc being constant, the spectral distribution of the LEDs si(λ, Ij, Tc) is now given by the interpolation model and does not contain an unknown
variable anymore. Eq. (4) can now be solved with an analytic approach to derive the unknown factors ci [26, 27].
The factors ci can be interpreted as the number of LED
needed for each colour channel to match the target distribution with a given current Ij. However, we want to know
the current for each channel where the target distribution
is matched with one LED in each channel. Thus, Eq. (4)
is solved for a number of different forward currents Ij.
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This results in a dependency of the factor ci from these
different currents Ij. This dependency can be interpolated
by a cubic spline as a function with the calculated supporting points ci(Ij). Its parameters are fitted with the least
square method. As last step, the current Ic can be determined where ci(Ij) is equal to one:
ci ( I c ) = 1

(5)

The current Ic is approximately the current where
the target distribution is matched with one LED and the
sum of least square errors of Eq. (2) is near its minimum.
Despite the simplification of equal forward currents Ij
the approach has proven to be more time efficient than
a numeric solution for Eq. (2) with an acceptable error.
Finally, the goodness-of-fit of the LED combination is
calculated with:
2

n


E = ∫  t ( λ) − ∑ si ( λ, I c ,Tc ) dλ 



(6)

i =1

Results
We used our selection method to match the target distributions in Figure 2 with LEDs from our database. The
results for four, six and eight colour channels are shown
in Figure 4. We used 18 parents, nine children and nine
mutated parents each generation. The algorithm ran five
generations. This adds up to 180 different combinations
searched by the algorithm. Table 1 lists the identifiers
for the found LEDs for two different runs of the selection
method for the target distribution Figure 4B with four, six
and eight channels. The combinations shown in Figure 4
are set in bold letters. The colour groups used to limit the

A

search area are shown in parenthesis below the identifiers. The colour group of the chosen LED is underscored.
Table 2 lists the fitness of two runs of the algorithm for
each target distribution shown in Figure 2. The fitness of
the solutions shown in Figure 4 is set in bold letters.

Discussion and limitations
The results show that the algorithm is able to choose
LEDs from the database to match the given target distribution. It needs approximately 25 s per channel with
the used number of individuals and generations using a
state-of-the-art desktop PC with an Intel® Core™ i7-6700
@ 3.4 GHz. The LED models and the selection method are
implemented in Python 2.7. However, further tests are
needed to determine whether the runtime scales linear to
the number of colour channels.
The results are promising for even distributions like
Figure 4A and B. The results show that a higher number
of colour channels improve the goodness-of-fit as one
expects.
One drawback of the algorithm is its non-deterministic behaviour. Each run with the same constraints and
settings can result in a different combination as final
solution. This illustrates the identifiers in Table 1. This
behaviour cannot be changed due to the evolutionary
approach used for the selection method which chooses
LEDs randomly at some point. To improve the search
behaviour, more constraints could be introduced, for
example, limiting the manufacturers of the LEDs to
choose from or the packages of the LED.
The algorithm’s potential for the design of multiplexed
LED illuminations is also limited at the moment. The target
distribution in Figure 2C was designed to represent such
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Figure 4: Best LED combination found with the selection method with four (blue), six (green) and eight (red) colour channels.
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Table 1: Selected LEDs for target distribution shown in Figure 2 (B) for four, six and eight colour channels; the number represents the LEDindex in the database.
Test run

LED1

LED2

LED3

LED4

LED5

LED6

LED7

LED8

B-4-1
B-4-2
B-6-1
B-6-2
B-8-1
B-8-2

18 (bl)
83 (bl)
18 (bl)
83 (bl)
113 (bl, gn)
17 (bl, gn)

117 (gn)
117 (gn)
102 (bl, gn)
17 (bl, gn)
75 (bl, gn)
83 (bl, gn)

232 (am)
115 (am)
6 (gn)
116 (gn)
117 (bl, gn)
80 (bl, gn)

119 (rd)
86 (rd)
4 (am)
232 (am)
55 (bl, gn)
47 (bl, gn)

–
–
3 (rd, am)
73 (rd, am)
45 (rd, am)
15 (rd, am)

–
–
95 (rd)
95 (rd)
49 (rd, am)
107 (rd, am)

–
–
–
–
70 (rd, am)
111 (rd, am)

–
–
–
–
73 (rd, am)
104 (rd, am)

Solutions shown in Figure 4 are set in bold letters; the colour group of the chosen LED is underscored.
Table 2: Best solution found with the selection method in two
independent runs for the target distributions shown in Figure 2;
the number represents the measure of the goodness of fit.
Test run 1
A-4-1
A-6-1
A-8-1
B-4-1
B-6-1
B-8-1
C-4-1
C-6-1
C-8-1

Fitness
9.7
11.4
6.4
40.4
14.6
7.4
73.7
86.8
119.5

Test run 2
A-4-2
A-6-2
A-8-2
B-4-2
B-6-2
B-8-2
C-4-2
C-6-2
C-8-2

Fitness
11.4
16.2
9.0
40.5
15.5
10.5
121.6
89.4
126.6

Solutions shown in Figure 4 are set in bold letters.

an illumination. However, the algorithm’s fitness function
expects a simultaneous operation of the LED channels.
This is shown by the results for the target distribution in
Figure 4C. Especially the intensities in the wavelength
ranges between the rectangles are too high and decrease
the goodness-of-fit, because the algorithm cannot handle
the multiplexed operation of the LED channels yet. This
problem gets even worse with a higher number of LED
channels, as shown by Table 2. The improvement of the
algorithm to design multiplexed LED illuminations is part
of actual research in our group.

Summary
We proposed a new selection method for LED components during the design process of special spectral power
distributions. The algorithm is based on an evolutionary
approach and considers the spectral behaviour of each
LED. The designer can use his knowledge to improve the
search behaviour by defining certain constraints. First
experimental results showed the potential of the new selection method for even target distributions. The improvement of the algorithm’s search behaviour by modelling the

knowledge of the designer as constraints is part of future
work.
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